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Water  transport  within  Proton  Exchange  Membrane  Fuel  Cell  (PEMFC)  is  investigated  by  systematic  mea¬ 
surements  of  the  water  transport  coefficient,  defined  as  the  net  water  flux  across  the  membrane  divided 
by  the  water  production.  It  is  recorded  for  various  operating  conditions  (current  density,  gas  stoichiom¬ 
etry,  air  inlet  relative  humidity,  temperature,  pressure)  in  a  fuel  cell  stack  fed  by  dry  hydrogen.  The 
measurement  of  the  water  transport  coefficient  shows  that  a  significant  fraction  of  water  is  collected 
at  the  anode  while  water  is  produced  or  injected  at  the  cathode.  Moreover,  in  usual  operating  condi¬ 
tions,  liquid  water  is  present  at  the  cell  outlet  not  only  in  the  cathode  but  also  in  the  anode.  Contrary  to 
the  electrical  performances,  ageing  has  no  influence  on  the  water  transport  coefficient,  which  allows 
the  comparison  between  data  collected  at  different  periods  of  the  fuel  cell  lifetime.  From  this  com¬ 
parison,  it  was  found  that  the  hydrogen  flow  rate,  the  amount  of  vapor  injected  at  cathode  inlet,  and 
the  temperature  are  the  main  parameters  influencing  the  water  transport  coefficient.  It  is  shown  that 
air  and  hydrogen  stoichiometry  present  significant  effects  on  water  transport  but  only  through  these 
parameters. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Despite  of  recent  advances  in  PEM  fuel  cell  technology  their 
large-scale  commercialization  is  still  hampered  by  the  cost  of  mate¬ 
rials  (such  as  ionomer  membranes  and  platinum-based  electrodes) 
and  by  their  low  reliability  (in  terms  of  early  failure  modes  and 
relatively  short  durability)  [1,2]. 

In  this  context,  water  management  has  become  one  of  the 
crucial  aspects  in  the  design  and  operation  of  PEMFCs.  The 
challenge  of  water  management  was  addressed  in  many  ways: 
membrane-electrode  assembly  designs,  flow-field  designs  or  new 
humidification  strategies  [3].  The  optimal  stationary  operation  of  a 
PEM  fuel  cell  results  from  a  compromise  between  two  effects: 

•  The  ionic  conductivity  of  the  proton-conducting  membranes  is 
strongly  dependent  on  their  water  content.  When  membrane 
dehydration  or  drying  occurs,  the  electrical  performances  drop 
due  to  significant  ohmic  losses  [4]. 

•  ITowever,  an  excess  of  water  is  also  to  be  avoided  due  to  conden¬ 
sation.  Liquid  water  hinders  the  transport  of  oxygen  by  blocking 
the  pores  of  the  gas  diffusion  layers  (GDL),  covers  up  active  sites 
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in  the  catalyst  layers  and  plugs  the  gas  transport  channels  in  the 
flow-field  plates.  Water  flooding  results  in  a  non-uniform  distri¬ 
bution  of  reactants  over  the  active  catalyst  area  and  leads  to  poor 
electrical  performances  [5,6]. 

Therefore,  it  is  essential  to  identify  the  mechanisms  contributing 
to  the  water  transport  within  the  different  elements  of  a  cell.  As 
shown  in  Fig.  1 ,  water  transport  occurs  within  various  components 
of  diverse  shape  and  structure.  It  is  generally  accepted  that  there  is 
at  least  three  mechanisms  at  stake: 

•  Diffusion  of  water  vapor  from  the  most  to  the  less  humid  regions. 

•  Electro-osmotic  drag,  from  the  anode  to  the  cathode. 

•  Hydraulic  permeation  due  to  pressure  gradient. 

In  two-phase  conditions,  additional  modes  of  water  transport 
appear: 

•  Capillary  flow  of  liquid  water  within  the  GDL. 

•  Water  droplets  formation  and  detachment  at  the  GDL-gas  channel 
interface. 

•  Liquid  film  flow  on  the  channel  walls. 

There  are  various  ways  of  studying  water  transport  within  fuel 
cell: 
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Nomenclature 

Dm 

h2o 

water  diffusion  coefficient  in  the  membrane 

(m2  s-1) 

Em 

membrane  thickness  (m) 

EW 

membrane  equivalent  weight  (g  mol-1 ) 

E 

Faraday  constant  (C) 

j 

current  density  (A cm-2) 

nh2o 

water  collected  at  the  anode  (mol  cm-2  s-1 ) 

I \ja  vap 

h2o 

saturated  vapor  removed  by  the  anode  exhaust 
(mol  cm-2  s-1) 

nh2o 

water  collected  at  the  cathode  (mol  cm-2  s-1 ) 

WH20aP 

saturated  vapor  removed  by  the  cathode  exhaust 
(mol  cm-2  s-1) 

air  inlet  humidification  flow  rate  (mol  cm-2  s-1 ) 

Npr°d 

,vh2o 

produced  water  (mol  cm-2  s-1 ) 

wDiff 

™h2o 

diffusive  water  flux  in  the  membrane  (mol  cm-2  s-1 ) 

air  inlet  flow  rate  (mol  cm-2  s-1 ) 

hydrogen  inlet  flow  rate  (mol  cm-2  s-1 ) 

Psat(T) 

saturation  pressure  (bar) 

P 

pressure  (bar) 

RHC 

air  relative  humidity  (-) 

T 

temperature  (°C) 

vin 

x02 

inlet  molar  fraction  of  oxygen  (-) 

Greek  letters 

a 

water  transport  coefficient  (-) 

X 

membrane  water  content  (-) 

^Air 

stoichiometric  ratio  of  air  (-) 

^h2 

stoichiometric  ratio  of  hydrogen  (-) 

Pdry 

membrane  density  (gm-3) 

In  the  last  case,  the  authors  consider  generally  two  coefficients: 

•  A  water  transport  coefficient  a ,  defined  as  the  net 
water  flux  across  the  membrane  divided  by  the  water 
production. 

•  An  effective  electro-osmotic  drag  coefficient  or  net  drag  coef¬ 
ficient  rid,  defined  as  the  net  number  of  water  molecules 
transported  per  proton. 

Theses  two  coefficients  are  related  by  a  factor  -2  so  that: 
a  =  -2nd. 

The  objective  of  this  paper  is  to  explore  experimentally  the  sig¬ 
nificance  of  the  operating  parameters  on  water  transport.  In  this 
regard,  the  results  provide  new  insight  into  water  management  in 
PEMFC. 

A  literature  review  related  to  water  management  and  to  the 
water  transport  coefficient  is  presented  in  Section  2.  The  Section  3 
contains  definitions  and  presents  the  measurement  methodology. 
In  Section  4,  results  are  presented  and  discussed.  They  are  obtained 
using  different  humidification  strategies  involving  the  gas  stoichio¬ 
metric  ratios,  the  cathode  inlet  humidification  flow  rate  or  the  fuel 
cell  temperature.  Section  5  summarizes  the  results  and  concludes 
the  paper. 

2.  Literature  review  on  water  transport  coefficient 

Experimental  studies  on  water  transport  in  PEM  fuel  cells  were 
reported  by  several  groups  [21-44].  Most  often,  water  exiting  the 
fuel  cell  is  condensed,  collected  and  weighed.  The  Table  1  presents 
a  synthesis  of  the  experimental  results,  expressed  in  term  of  water 
transport  coefficient  a.  The  experimental  conditions  (including  the 
operating  conditions  and  the  type  of  fuel  cell  or  their  components) 
are  very  heterogeneous  and  make  the  comparison  between  these 
studies  difficult.  However,  some  common  trends  appear:  they  are 
discussed  below. 


•  theoretical  investigation  and  modelling  [8-14], 

•  in-situ  determination  of  the  local  water  concentration  [15-20], 

•  and  experimental  determination  of  a  global  water  transport  coef¬ 
ficient,  as  a  function  of  the  amount  of  water  introduced  into  the 
fuel  cell,  produced  by  the  electrochemical  reaction,  and  recovered 
at  the  exit  of  the  electrode  channels. 


2.1  Effects  of  material  and  components 

The  choice  of  fuel  cell  components  affects  water  transport. 
Janssen  and  Overvelde  [25]  measured  the  effective  electro-osmotic 
drag  coefficient  with  various  MEAs  made  with  Nafion  112  and 
Nafion  105  and  three  types  of  electrodes:  E-Tek  DS,  E-Tek  SS  and 
Toray.  They  show  that  whatever  the  operating  conditions,  the 
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Fig.  1.  Water  transport  mechanisms  in  fuel  cell  MEA  [7]. 
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Table  1 

Literature  review  of  the  water  transport  coefficient  a,  defined  as  the  net  water  flux  across  the  membrane  divided  by  the  water  production.  The  arrows  indicate  the 
evolution  of  a  with  an  increase  of  each  parametric  value. 


Authors 

Material 

T(°C) 

Pa-Pc{  bar) 

Kiln 

fair 

Kill, 

/  (A.cm'2) 

Remarks 

[27] 

GORE  Primea 

40-60 

1.5  -  2.5 

0 

1 

0.1  ...0.2 

0.1  -0.2 

Free-breathing  PEMFC 

Mennola  et  al. 

25  cm2 

a  * 

a  * 

[34] 

GORE  30  pm 

80 

2 

2 

1 

2 

0.3 

1 

Study  on  spatially  resolved  water 

Lu  et  al. 

6  cm2 
co- flow 

crossover  coefficient 

[35] 

GORE  30  pm 

80 

2 

2 

0  -  0.42 

2 

0  -  0.42 

1 

Study  on  spatially  resolved  water 

Liu  et  al. 

6  cm2 
co- flow 

a  ^ 

a  * 

crossover  coefficient 

[30] 

Nafion  1 12 

70-80 

1.43 

0.42 

2 

0.42-0.8 

0.3 

Murahashi  et  al. 

25  cm2 
counter-flow 

a  P 

a  * 

[32] 

Nafion  1 12 

60 

1.35 

1.4 

0.6-  1 

2-3 

1  -0.6 

0.3 -0.7 

Investigation  of  the  role  of  a 

Atiyeh  et  al. 

1 00  cm2 

a  ^ 

microporous  layer 

[33] 

Nafion  1 12 

60 

1.35 

1.4 

0.6-  1 

2-3 

1  -0.6 

0.3 -0.7 

Investigation  of  the  role  of  a 

Karan  et  al. 

1 00  cm2 

a  ^ 

microporous  layer  at  the  cathode 

[25]  Janssen  and 

Nafion  105-  112 

60 

1.5-3 

1.5-4 

0 

2 

1 

0.4  -  0.6 

Wide  range  of  operating 

Overvelde 

50  cm2 

conditions 

counter-flow 

a  * 

a  P 

Different  types  of  MEA 

[28] 

Nafion  112-115 

60 

2 

1.1 

0  -  0.75 

2.5 

0.56 

0.1  -0.6 

Tanaka  electrodes 

Cai  et  al. 

128  cm2 

Co- flow 

a  * 

a  ? 

Liquid  water  at  the  cell  outlet 

[22]  Biichi  and 

Nafion  115 

40-75 

1  -  1.7 

1.7 -4.4 

0 

1.2 -4.5 

0 

0.1  -0.3 

E-tek  electrodes 

Srinivasan 

50  cm2 

Hydrogen  saturated  at  the  cell 

counter-flow 

a 

a  ^ 

a  -> 

a  ^ 

outlet 

[26]  Ciureanu 

Nafion  105 

52 

1 

? 

0 

4 

0.4 

0.04  -  0.4 

Wide  range  of  operating 

and  Badita 

250  cm2 

conditions 

5-cells  stack 

a 

Liquid  water  at  the  cell  outlet 

[29] 

Nafion  117 

80 

1 

1  -3 

0.1  -  1 

2 

0.1  -  1 

0.1  -0.7 

E-tek  electrodes 

Yan  et  al. 

25  cm2 

a  ^ 

a 

a  ^ 

a  ^ 

[31] 

Nafion  221 

25-35 

2.5-5 

0 

1 

0.3-  1 

0.05-0.2 

Free-breathing  PEMFC 

Jeong  et  al. 

25  cm2 

a  ^ 

a 

a  * 

a 

Thickness  of  the  membrane:  Nafion  112:  50  pm;  Nafion  105  or  115:  125  pm;  Nafion  117:  170  pm. 


amount  of  water  collected  at  the  anode  side  increases  when  the 
membrane  is  the  thinnest  (50  (Jim  vs.  125  p-m),  which  reflects  a  bet¬ 
ter  diffusion  through  the  membrane.  On  the  other  hand,  the  use 
of  different  electrodes  has  only  a  minor  effect  on  the  water  trans¬ 
port,  which  was  attributed  to  their  hydrophobic  character  and  to  the 
presence  of  an  additional  microporous  layer  (MPL).  Atiyeh  et  al.  [32] 
and  Karan  et  al.  [33]  studied  the  role  of  the  MPL  in  water  transport 
at  various  operating  conditions.  The  MPLs  were  used  at  either  one 
or  both  electrodes.  They  show  that  the  addition  of  a  MPL  at  the  cath¬ 
ode  does  not  modify  significantly  the  effective  electro-osmotic  drag 
coefficient,  but  that  it  is  at  the  origin  of  an  important  improvement 
of  the  fuel  cell  performance  and  durability.  However,  the  presence 
of  a  MPL  at  the  anode  alone  or  at  both  electrodes  improves  water 
removal  through  the  hydrogen  channels  and  lowers  the  effective 
electro-osmotic  drag  coefficient. 

2.2.  Effects  of  the  operating  conditions 

Despite  of  a  variety  of  operating  conditions,  the  results  from 
experimental  studies  on  water  transport  in  PEMFCs  (Table  1 )  show 
some  common  trends  in  the  effects  associated  with  the  main  oper¬ 


ating  parameters.  Values  are  mentioned  only  for  fuel  cells  operated 
with  dry  hydrogen. 

•  An  increase  in  the  hydrogen  stoichiometry  reduces  the  net 
drag  coefficient,  which  can  even  reach  negative  values:  the 
effective  electro-osmotic  drag  coefficient  measured  by  Janssen 
and  Overvelde  [25]  drops  from  -0.2  to  -0.3  when  the  hydro¬ 
gen  stoichiometry  increases  from  1.5  to  4.  Similar  results 
were  observed  by  Ciureanu  and  Badita  [26]  on  a  5-cells 
stack. 

•  The  effect  of  the  air  stoichiometry  is  not  so  clear:  in  [22],  the  water 
transport  coefficient  seems  independent  on  dry  air  stoichiom¬ 
etry  in  the  range  1.2-4.5.  If  the  air  is  humidified,  according  to 
Atiyeh  et  al.  [32],  the  amount  of  water  removed  at  the  anode  side 
decreases  with  higher  air  flow  rates.  They  attributed  this  result  to 
the  enhancement  of  water  removal  by  the  airflow. 

•  An  increase  in  the  air  hygrometry  leads  to  a  decrease  of  nd 
[29-31],  which  can  take  positive  or  negative  values  depending 
on  the  hydrogen  relative  humidity.  On  the  contrary,  an  increase 
in  the  hydrogen  hygrometry  improves  the  net  drag  coefficient 
[28,34,35]. 
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•  Likewise,  the  anode  water  removal  significantly  increases  with 
the  cell  temperature  [22,27,31].  With  dry  gases,  Biichi  and  Srini- 
vasan  [22]  found  that  the  water  transport  coefficient  decreases 
from  -0.04  at  40  °C  to  -0.3  at  75  °C. 

•  The  majority  of  the  authors  do  not  consider  the  effect  of  pressure. 
Yan  et  al.  [29]  observed  a  small  reduction  in  the  net  drag  coeffi¬ 
cient  when  they  applied  higher  pressure  at  the  cathode  than  at 
the  anode.  Water  transport  through  hydraulic  permeation  is  very 
limited  compared  to  electro-osmotic  drag  and  back  diffusion. 

•  If  dry  hydrogen  is  used,  the  water  transport  coefficient  increases 
with  the  current  density  [26,28,31],  or  shows  only  slight  varia¬ 
tions  if  air  is  also  dry  [22]. 

Cai  et  al.  [28]  measured  the  net  water  drag  coefficient  in  a  fuel 
cell  fed  by  dry  hydrogen  and  wet  air  (HR  =  56%)  with  H2/air  stoi¬ 
chiometric  ratio  of  1.1  / 2.5.  The  operating  temperature  and  pressure 
were  60  °C  and  2  bar.  The  MEA  had  an  active  area  of  128  cm2  and 
consisted  of  Nation  112  and  homemade  electrodes  with  a  MPL.  They 
found  that  the  amount  of  water  collected  at  the  anode  rises  from 
12%  to  37%  with  a  current  density  increasing  from  0.1  to  0.6  A  cm-2. 

Mennola  et  al.  [27]  studied  water  balance  with  a  free-breathing 
PEMFC  oriented  in  the  vertical  direction  and  they  focused  on  the 
anode  parameters.  Measurements  were  performed  using  two  dif¬ 
ferent  directions  of  hydrogen  flow:  hydrogen  entering  at  an  upper 
corner  and  exiting  at  the  opposite  lower  corner  and  vice-versa. 
When  hydrogen  enters  from  a  lower  corner,  the  amount  of  water 
collected  at  the  anode  side  is  lower  and  the  electrical  performances 
are  better  than  in  the  other  case:  the  authors  assumed  that  there 
is  an  internal  water  redistribution  which  maintains  the  membrane 
fully  humidified.  To  our  knowledge,  no  comparison  between  co¬ 
flow  and  counter-flow  configurations  has  been  published  yet. 

2.3.  State  of  water  at  fuel  cell  outlets 

In  most  of  the  cases,  no  information  is  provided  about  the  state 
of  water  at  the  cell  outlet.  However,  Ciureanu  and  Badita  [26]  and 
Cai  et  al.  [28]  mentioned  that  liquid  water  is  present  at  the  cell  out¬ 
let,  except  at  very  low  current  density  (j  <  0.04  A  cm-2),  even  under 
low  air  humidification  [28].  Cai  et  al.  [28]  also  indicated  that  when 
the  air  relative  humidity  increases  from  30%  to  100%,  the  fraction 
of  liquid  water  at  the  cathode  outlet  (respectively  at  the  anode  out¬ 
let)  changes  from  35%  to  55%  (respectively  from  77.5%  to  85%).  This 
trend  was  confirmed  by  Bonnet  et  al.  [21  ],  who  conducted  experi¬ 
ments  with  a  single  cell  and  with  a  5-cells  stack  and  investigated 
the  effects  of  the  stoichiometric  ratio:  the  amount  of  liquid  water  at 
both  electrodes  decreases  when  the  air  or  hydrogen  stoichiometric 
ratio  increases;  when  the  air  stoichiometric  ratio  reaches  3.5,  no 
more  liquid  water  is  observed  at  the  cathode  outlet.  They  observed 
that  the  fraction  of  liquid  is  generally  higher  at  the  anode  than  at 
the  cathode. 

2.4.  Conclusion  of  the  literature  review 

This  literature  review  shows  that  there  are  only  a  small  number 
of  published  experimental  studies  on  water  management  and  water 
transport  coefficient  in  PEMFC.  Due  to  the  variety  of  experimental 
conditions  and  materials,  no  general  strategy  for  water  manage¬ 
ment  in  PEMFCs  can  be  deduced  from  these  results.  However,  water 
removal  through  the  anode  outlet  can  be  enhanced  by: 

•  increasing  the  hydrogen  stoichiometric  ratio; 

•  decreasing  the  air  stoichiometric  ratio; 

•  maintaining  a  lower  relative  humidity  at  the  anode  than  at  the 
cathode; 

•  increasing  the  cell  temperature  or  the  current  density; 


•  reducing  the  membrane  thickness  or  including  a  MPL  at  the  anode 
side. 

It  must  be  emphasized  that  the  influence  of  other  parameters 
like  the  gravity  -  the  position  of  the  cell  -,  the  design  of  the  flow- 
field  plates  or  the  mechanical  compression  is  not  well  understood. 

One  of  the  objectives  of  this  work  is  to  analyse  reliable  exper¬ 
imental  data  obtained  with  a  single  system  for  investigating  the 
influence  of  the  operating  parameters. 

3.  Methodology 

3.1.  Experimental  set-up 

All  the  experiments  presented  below  were  carried  out  within  the 
framework  of  the  SPACT-80  project,  which  was  already  presented 
in  a  previous  paper  [21].  One  of  the  main  results  of  this  project 
is  the  similarity  in  behaviour  between  a  25  cm2  single  cell  and 
a  340cm2/5-cells  pilot  stack  (in  terms  of  electrical  performances 
and  water  management).  Their  behaviour  and  performances  are 
also  representative  of  those  of  a  800cm2/90-cells  stack.  Therefore, 
this  paper  details  some  experimental  results  obtained  with  the 
340cm2/5-cells  pilot  stack  and  the  analysis  concerns  only  water 
management.  The  fuel  cell  stack  was  supplied  by  the  manufac¬ 
turer  and  project  leader  Helion  [45].  Its  architecture  was  designed 
in  order  to  match  the  technical  requirements  of  two  testing  plat¬ 
forms.  A  thin  perfluorosulfonated  membrane  and  gas  diffusion 
layers  coated  with  microporous  layer  were  selected  among  several 
suppliers  in  order  to  reach  0.68  V  per  cell  atj  =  0.54Acm-2. 

The  temperature  of  the  fuel  cell  water-cooling  circuit  was  set 
to  the  selected  value  with  a  PID  controller.  A  temperature  differ¬ 
ence  lower  than  2  °C  was  observed  between  the  cooling  water  inlet 
and  outlet.  Pure  H2  and  air  were  supplied  to  the  anode  and  cath¬ 
ode,  respectively,  in  a  current-based  flow  control  mode  such  as  the 
stoichiometric  ratio  of  H2  and  air  were  fixed.  However,  because  of 
patent  rights,  no  information  can  be  given  about  the  design  of  the 
flow-field  plates.  The  pressure  of  the  reactant  gases  was  maintained 
between  1  and  1.6  bar.  Air  was  humidified  through  a  Controlled 
Evaporation  and  Mixing  system  (Bronkhorst).  The  relative  humid¬ 
ity  of  the  inlet  gases  was  controlled  through  the  mass  flow  rate  of 
evaporated  water.  Lines  between  humidifiers  and  the  fuel  cell  were 
heated  in  order  to  avoid  water  condensation.  The  gas  mass  flow 
rates  were  regulated  at  the  fuel  cell  inlets  whereas  the  pressure 
was  controlled  at  the  outlets.  The  reference  operating  conditions 
are  summarized  in  Table  2. 

The  system  is  equipped  with  a  water  collection  system  for  both 
anode  and  cathode  effluent  streams.  The  water  at  the  cell  outlet  is 
condensed  at  5  ±  0.1  °C  in  a  cold  trap  and  the  amounts  of  collected 
water  are  continuously  weighted.  N^0  and  N^0  stand  for  the  flow 
rate  of  water  removed  at  the  anode  and  at  the  cathode  outlets.  An 
overall  water  balance  was  performed,  accounting  for  the  amount 
of  water  produced  by  the  electrochemical  reaction  and  supplied 
for  the  humidification  of  air,  in  order  to  assess  the  reliability  of  the 
experimental  results  (Fig.  2).  More  than  95%  is  recovered,  whatever 
the  conditions.  The  fuel  cell  was  operated  in  steady  state  (constant 
voltage)  for  at  least  2  h  before  the  data  were  recorded. 


Table  2 

Reference  operating  conditions. 


Temperature,  T 

70  °C 

Pressure,  P 

1.6  bar 

Hydrogen  stoichiometric  ratio,  A,h2 

1.4 

Air  stoichiometric  ratio,  A,Air 

2 

Humidification 

Dry  hydrogen 

Air  humidified  at  70%  RH 

234 
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Fig.  2.  Schematic  representation  of  the  water  collection  system. 


3.2.  Water  transport  coefficient:  definition  and  measurement 


The  amount  of  water  introduced  into  the  cell  with  the  air  is  equal 
to: 


N 


h2o 


=  N! 


RHC/ 100 


Air 


(P/Psat(T))-(KHc/100) 


(1) 


with 


ivrin  _  ^Air  J 
Air  xin  4F 


(2) 


is  proportional  to  the  current  density  j  and  to  the  stoichio¬ 
metric  ratio  AAir.  It  increases  with  the  temperature  T  and  decreases 
with  the  gas  pressure  P.  The  water  production  is  also  proportional 
to  the  current  density: 


/uProd  _  J 
h2o  -  2 F 


(3) 


In  a  stationary  state,  the  amount  of  water  fed  and  produced  is 
equal  to  that  leaving  the  cell,  i.e.  +  N{^°q  =  N^0  +  Since 
air  is  humidified  and  water  is  produced  at  the  cathode,  collecting 
water  at  the  anode  indicates  that  a  part  of  it  flowed  through  the 
membrane,  a  denotes  the  water  transport  coefficient,  defined  as 
the  ratio  between  the  amount  of  water  transported  through  the 
membrane  and  produced: 


nh2o 


N 


prod 

H20 


(4) 


In  Fig.  3,  a  is  plotted  as  a  function  of  the  current  density  for  the 
base-case  operation  (Table  2).  The  experimental  data  are  available 
for  current  densities  higher  than  j>  0.2  A  cm-2.  Below  this  value, 
the  cell  voltage  does  not  stabilize  and  decreases  slightly  with  time, 


Fig.  3.  Variation  in  a  as  a  function  of  the  current  densityj  for  the  base-case  operation. 
Fuel  cell  fed  by  dry  hydrogen  and  air  at  70%  RH.  A.Air  =  2;  A.h2  =  1.4,  T=  70 °C  and 
P=  1.6  bar. 


a  = 
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making  it  impossible  to  reach  the  steady  state  as  well  as  to  collect 
enough  water.  Because  of  technical  limitations  of  the  test  bench, 
current  densities  are  not  higher  than  j  >  0.7  A  cm-2. 

Fig.  3  shows  that  25-50%  of  the  produced  water  leaves  the 
fuel  cell  from  the  anode  outlet  in  the  range  of  current  density  of 
0.2-0.7  A  cm-2.  In  this  same  range,  Cai  et  al.  [28]  measured  values 
of  the  water  transport  coefficient  varying  from  12%  to  37%.  The  dif¬ 
ferences  are  due  to  the  operating  conditions  {RHC  =  56%,  AAir  =  2.5, 
Ah2  1.1)  and  to  the  materials.  However,  both  profiles  are  similar  in 
shape,  with  a  steeper  slope  at  low  current  densities  in  this  work. 

Water  transport  in  a  fuel  cell  membrane  is  dominated  by  two 
main  mechanisms,  namely,  electro-osmotic  drag  caused  by  the 
migration  of  hydrated  proton  from  the  anode  to  the  cathode 
and  water  diffusion  caused  by  the  water  concentration  gradient 
between  the  anode  and  the  cathode.  In  the  present  case,  since  the 
fuel  cell  is  fed  by  dry  hydrogen,  collecting  water  at  the  anode  side 
means  that  the  water  diffusion  is  the  dominant  process. 

The  water  transport  coefficient  increases  with  the  current  den¬ 
sity  until  j  =  0.6  A  cm-2,  which  indicates  that  the  back  diffusion 
increases  more  (with  j)  than  the  electro-osmotic  drag.  Then,  it 
seems  to  reach  a  constant  value  beyond  j  =  0.6  A  cm-2 ,  meaning  that 
the  increase  of  the  electro-osmotic  drag  is  offset  by  the  back  diffu¬ 
sion.  In  this  work,  like  in  the  work  of  Cai  et  al.  [28],  the  water  drag 
coefficient  begins  to  decrease,  but  this  result  should  be  corrobo¬ 
rated  by  other  experiments  conducted  at  higher  current  density. 

The  water  flow  rates  removed  at  the  cell  outlet  N“20  and 
can  be  directly  compared  with  the  amounts  of  vapor  removed  from 
the  anode  and  the  cathode  Jap  and  in  the  saturated  gases. 

These  amounts  are  estimated  as  functions  of  Psat(’F),  j  and  of  the 
stoichiometric  ratios  Ah2  and  A,Air  by: 


Na  vap  _ 1 

H2°  P/(Psat(T))- 


Nc  vap  =  1 

H2°  P/PsatCH  -  1 


X 

1 

(5) 

^Air  J 

xi?  I  4F 

(6) 

nh2o  >  NH2oaP  (respectively  N^0  >  indicates  that  a  part 

of  water  is  evacuated  in  liquid  form  at  the  cell  outlet. 

Fig.  4  shows  the  fraction  of  water  leaving  the  cell  in  liquid  form  at 
the  anode  and  the  cathode.  It  can  be  observed  that,  in  the  base-case, 
liquid  water  is  present  at  the  outlet  of  both  electrodes  whatever  the 
current  density.  15%  to  35%  of  the  water  is  leaving  the  cathode  in 


liquid  form,  whereas  this  fraction  varies  between  60%  and  80%  at 
the  anode.  Such  high  values  at  the  anode  can  be  explained  by  the 
low  hydrogen  flow. 

At  least  several  areas  of  the  anode  and  cathode  chambers  should 
be  flooded,  but  the  electrical  performances  do  not  seem  to  be 
affected.  Thus,  it  can  be  supposed  that  the  outlet  part  of  the  anode 
is  flooded  and  that  the  diffusion  from  the  cathode  is  favoured  at 
the  inlet  part  of  the  cell.  This  is  partially  confirmed  by  Liu  et  al.  [35] 
who  observed  that  the  local  water  transport  coefficient  decreases 
from  25%  at  the  inlet  to  12%  at  the  outlet  with  a  fuel  cell  fed  by  dry 
hydrogen  and  wet  air. 

In  any  case,  such  high  amounts  of  liquid  should  inhibit  at  least 
partially  the  diffusion  of  oxygen  and  hydrogen  toward  the  catalyst 
layers  and  it  appears  necessary  to  develop  experiments  allowing 
localizing  water,  in  parallel  with  multi-D  modelling  of  the  two- 
phase  flows  within  the  cell. 

3.3.  Aging  and  water  management 

The  whole  of  the  experiments  lasted  for  1300  h  during  which 
the  fuel  cell  was  operated  in  stationary  regime  at  near  nominal 
conditions.  Eventually,  the  fuel  cell  had  been  used  for  2000  h. 

Fuel  cell  aging  is  most  often  characterized  by  a  reduction  in 
the  electrical  performances,  caused  by  a  degradation  of  some  of  its 
components.  Fig.  5a  shows  four  polarization  curves  recorded  at  dif- 


Fig.  4.  Liquid  to  total  amounts  of  water  at  the  cell  outlet  vs.  current  density.  Fuel  cell  Fig.  5.  Polarization  curve  (a)  and  water  transport  coefficient  (b)— influence  of  aging, 

fed  by  dry  hydrogen  and  air  at  70%  RH.  A.Air  =  2;  A.h2  =  1.4;  T=  70 °C  and  P=  1.6  bar.  Fuel  cell  fed  by  dry  hydrogen  and  air  at  70%  RH.  A.Air  =  2;  A.h2  =  1.4;  T=  70 °C  and 

P=  1.6  bar. 
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ferent  times  for  the  base-case  operation.  The  differences  between 
the  four  curves  are  small  at  low  current  density  but  they  increase 
withj.  At  j  =  0.54  A  cm-2,  the  degradation  rate  over  1100  h  was  about 
150  pA/h-1,  which  is  higher  than  the  values  obtained  by  the  other 
project  partners  in  steady  state  operation.  Several  causes  can  be 
mentioned  [46]:  loss  in  membrane  ionic  conductivity,  holes  in  the 
membrane,  migration  of  catalyst  [47,48],  loss  of  catalyst  activity, 
poisoning,  deterioration  of  mass  transport  properties  in  the  porous 
layers  [49]  or  corrosion  on  bipolar  plates  [50].  The  comparison  of 
the  cell  performances  measured  in  different  operating  conditions  is 
difficult  if  the  experiments  are  carried  out  over  several  hundredths 
of  hours,  which  was  the  case. 

However,  it  is  necessary  to  verify  that  the  comparison  between 
values  of  the  water  transport  coefficients  measured  at  different 
times  makes  sense:  Fig.  5b  shows  four  curves  corresponding  to  the 
base-case  operation.  Except  for  few  points,  the  evolutions  remain 
identical.  Aging  does  not  affect  the  global  water  transport  coef¬ 
ficient,  which  makes  the  investigation  of  the  influence  of  each 
operating  parameter  possible.  As  a  corollary,  the  degradation  of  the 
MEA  is  of  no  consequence  in  terms  of  water  transfer. 

4.  Experimental  results  and  discussion 

Experiments  were  performed  either  at  a  constant  current  den¬ 
sity  (the  reference  being  j  =  0.4  A  cm-2)  or  by  varying  the  current 
density.  For  clarity,  the  water  transport  coefficient  is  plotted  as  a 
function  of  the  flow  rates  of  gas  or  of  humidification  water  at  the 
fuel  cell  inlet. 

4  A.  Gas  stoichiometric  ratio 

4  A  A.  Hydrogen  stoichiometric  ratio  XH2 

According  to  Eq.  (7),  the  hydrogen  flow  rate  can  be  expressed 
as  a  function  of  either  the  hydrogen  stoichiometric  ratio  A.h2  at  con¬ 
stant  current  density  or,  Ah2  being  kept  constant,  of  the  current 
density  only. 


Fig.  6  depicts  the  evolution  of  the  water  transport  coefficient  vs. 
the  hydrogen  flow  rate  NJJ1  in  these  two  conditions:  j  =  0.4  A  cm-2 


Fig.  6.  a  as  a  function  of  the  hydrogen  flow  rate  NJj1  and  effect  of  the  hydrogen 
stoichiometry  A,h2  .  Fuel  cell  fed  by  dry  hydrogen  and  air  at  70%  RH.  A.Air  =  2;  T=  70  °C 
and  P=  1.6  bar. 


andA.H2  varying  continuously  from  1.1  to3andAH2  =  1.2,Ah2  =  1.4 
andXH2  =  1.6  while  j  increases  from  j  =  0.2  A  cm-2  toj  =  0.7  A  cm-2. 

As  shown  in  Fig.  6,  the  water  transport  coefficient  increases  with 
the  hydrogen  flow  rate  at  constant  current  density.  This  indicates 
that  an  increase  in  NJj1  improves  the  diffusion  of  water  through 
the  membrane  from  the  cathode  side.  Biichi  and  Srinivasan  [22] 
obtained  similar  results:  the  water  removed  from  the  anode,  at  a 
constant  air  stoichiometry,  is  found  to  be  a  linear  function  of  the 
hydrogen  stoichiometry. 

At  a  constant  current  density  (j  =  0.4  A  cm-2),  Bonnet  et  al.  [21] 
showed  that  liquid  water  is  present  at  the  outlet  of  each  compart¬ 
ment  whatever  Ah2.  The  fraction  of  liquid  water  at  the  cell  outlet 
decreases  from  90%  to  40%  at  the  anode  and  from  28%  to  0%  at 
the  cathode  as  the  hydrogen  stoichiometry  increases  from  1.1  to  3. 
An  increase  in  AH2  or  in  improves  water  drainage  and  reduces 
the  amount  of  liquid  water  in  the  anode  chamber,  which  results 
in  a  higher  diffusion  rate  from  the  cathode  to  the  anode  and  to 
an  increase  in  a.  Since  the  amount  of  water  produced  by  the  fuel 
cell  remains  constant,  the  ratio  of  liquid  water  at  the  anode  outlet 
decreases  also. 

Fig.  6  also  presents  a  comparison  of  the  curves  obtained  by  vary¬ 
ing  the  current  at  constant  values  of  the  hydrogen  stoichiometric 
ratio  A.h2  (set  to  1.2, 1.4  and  1.6).  According  to  Eq.  (7),  each  value  of 
the  hydrogen  flow  rate  defines  a  linear  relation  between  the  cur¬ 
rent  density  and  the  hydrogen  stoichiometric  ratio.  For  instance, 
NJJ1  =  2.5  mol  cm-2  s_1  corresponds  to  Ah2  =1.2  and  j  =  0.4  A  cm-2 
and  to  Ah2  =  1.6  and  j  =  0.3Acm-2.  In  Fig.  6,  the  three  curves 
obtained  with  A,h2  =  1 .2,  A.h2  =  1.4  and  A.h2  =  1.6  are  very  close  to 
each  other  and  to  the  one  obtained  by  varying  Ah2  at  constant  cur¬ 
rent  density.  From  this  result,  it  can  be  concluded  that  in  this  range 
of  operating  conditions,  the  meaningful  parameter  that  determines 
the  water  transfer  through  the  membrane  is  the  hydrogen  flow  rate 
rather  than  the  current  density  or  the  hydrogen  stoichiometric 
ratio. 

4 A. 2.  Air  stoichiometric  ratio  kAir 

The  same  reasoning  applied  to  the  influence  of  the  air  stoichio¬ 
metric  ratio  XA[r  leads  to  a  very  different  conclusion:  it  is  clear  from 
Fig.  7  that  in  the  range  AAir  =  1.5-4,  the  water  transport  coefficient 
cannot  be  expressed  as  a  function  of  the  air  flow  rate  only;  a  is 
almost  independent  of  the  air  stoichiometry  at  constant  density 
(j  =  0.4  A  cm-2)  and  remains  close  to  45%  while  it  depends  strongly 


Fig.  7.  a  vs.  the  air  flow  rate  N'f.r  and  effect  of  the  air  stoichiometry  A.Air-  Fuel  cell  fed 
by  dry  hydrogen  and  air  at  70%  RH.  Xh2  -  1 .4,  T=  70  °C  and  P=  1.6 bar. 
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Fig.  8.  Variations  in  a  as  a  function  of  the  air  flow  rate  NjJ  and  effect  of  the  humid¬ 
ification  strategy.  Fuel  cell  fed  by  dry  hydrogen  and  wet  air  at  constant  ( RHC  =  70%) 
or  varying  RH  (90  >  RHC  >  40%).  \u2  =  1  A,  T=  70  °C  and  P=  1.6  bar. 


on  the  current  density  when  the  air  stoichiometry  is  set  to  A,Air  =  2 
or  AAir  =  2.5. 

As  shown  in  [21],  liquid  water  is  present  in  most  of  the  cases 
at  the  outlet  of  each  electrode.  An  increase  in  the  air  flow  rate 
results  in  a  slight  decrease  of  the  amount  of  liquid  water  at  the 
anode  side  (from  80%  to  77%)  and  to  a  significant  reduction  of  the 
amount  of  liquid  water  at  the  cathode  exit  (from  32%  to  0%),  as  pre¬ 
sented  by  Santarelli  et  al.  [42]  in  a  PEMFC  stack.  There  is  no  more 
liquid  water  at  the  cathode  outlet  when  A.Air  is  above  3.5.  How¬ 
ever,  a  does  not  vary  significantly  if  AAir  increases  up  to  4,  which 
could  mean  that  the  water  transport  coefficient  does  not  depend 
on  the  state  of  water  in  the  cathode  channel,  but  rather  on  the 
state  of  water  at  a  location  closer  to  membrane,  for  instance  at  the 
electrodes. 

In  Fig.  7,  the  air  relative  humidity  is  maintained  constant 
(RHC  =  70%),  which  requires  to  adapt  the  water  flow  rate  at  the 
cathode  inlet  to  the  air  flow  rate  and  to  the  stoichiometric  ratio, 
according  to  Eq.  (1).  A  different  way  to  proceed  consists  in  keep¬ 
ing  at  a  constant  value  and  to  let  the  relative  humidity 

RHC  vary.  In  the  example  presented  in  Fig.  8  below,  = 

1.55  x  10-6  mol  cm-2  s-1.  The  airflow  ranges  from  N“jr  =  7.3  x 
10-6  mol  cm-2  s-1  to N“jr  =  18.4  x  10-6  mol  cm-2  s-1  (correspond¬ 
ing  to  an  air  stoichiometric  ratio  1.5  <  A.Air  <3.75)  at  constant 
current  density  (j  =  0.4  A  cm-2 ),  so  that  90%  >  RHC  >  40%.  The  result¬ 
ing  decrease  in  the  air  inlet  relative  humidity  entails  a  decrease 
in  a.  Fig.  8  shows  that  the  humidification  strategy  has  a  strong 
effect  on  water  transport.  This  point  is  discussed  in  the  next  sec¬ 
tion. 

4.2.  Water  flow  rate  at  the  cathode  inlet 

According  to  Eq.  (1 )  and  keeping  constant  the  other  parameters, 
the  humidification  water  flow  rate  at  the  cathode  inlet  can 
be  expressed  as  a  function  of  the  air  stoichiometric  ratio,  relative 
humidity,  temperature,  and  pressure.  The  experimental  variation 
ranges  corresponding  to  each  of  these  parameters  are  listed  in 
Table  3. 

Fig.  9  depicts  the  water  transport  coefficient  aasa  function 
of  the  water  flow  rate  N{JuiT  at  the  cathode  inlet  in  the  four 


Table  3 

Variation  ranges  of  the  water  flow  rate  at  the  cathode  inlet  resulting  from 
variations  in  A, Air,  RHc,  T  and  P.j  =  0.4  A  cm-2. 


Case 

V(-) 

RHC  (%) 

T  (°C) 

P  (bar) 

(mol .  cm'2,  s*1) 

1  -  XAir  variable 

1.5  ...4 

70 

70 

1.6 

1.16. ..3.1  x  10'6 

2  -  RHC  variable 

2 

10...  90 

70 

1.6 

0.2...  2.09  x  10'6 

3-7  variable 

2 

70 

50 ...  80 

1.6 

0.56  ...  2.57  x  Iff6 

4  -  P  variable 

2 

70 

70 

1  ...  1.6 

2.74  ...  1.55  x  10'6 

cases  described  above,  the  current  density  being  kept  constant 
C/  =  0.4Acnrr2).  In  a  general  manner,  the  water  transport  coeffi¬ 
cient  varies  between  10%  and  55%.  a  appears  to  be  a  strong  function 
of  the  cathode  humidification  water  flow  rate  only  when  its  vari¬ 
ations  result  from  those  of  the  air  relative  humidity  and  of  the 
temperature.  On  the  other  hand,  the  air  stoichiometry  (i.e.,  the 
air  flow  rate)  and  the  pressure  do  not  seem  to  be  meaningful 
parameters. 

4.2.1.  Air  stoichiometry 

As  discussed  in  Section  4.1  and  depicted  in  Figs.  7  and  8,  when 
variations  in  result  from  those  of  A,Air  (varying  between  1.5 
and  4),  the  water  transport  coefficient  decreases  of  only  5%  (from 
50%  to  45%). 

4.2.2.  Pressure 

Note  that  since  it  is  dangerous  to  impose  a  high  pressure  differ¬ 
ence  between  both  sides  of  the  membrane,  the  values  applied  to 
the  air  and  hydrogen  flows  are  identical.  As  shown  in  Fig.  9,  when 
the  pressure  decreases  from  1.6  to  1  bar,  the  water  transport  coef¬ 
ficient  increases  slightly.  Moreover,  over  the  whole  pressure  range, 
gases  issued  from  the  anode  and  cathode  sides  remained  saturated 
with  vapor.  Yan  et  al.  [29]  obtained  a  similar  trend  by  decreasing 
the  pressure  from  2  to  1  bar. 


Fig.  9.  Water  transport  coefficient  a  vs.  the  cathode  inlet  water  flow  rate  The 
significance  of  depends  on  the  origin  of  its  variations  (Table  3). 
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4.2.3.  Air  relative  humidity 

In  Table  3,  the  air  inlet  relative  humidity  RHC  ranges  from  10% 
to  100%,  resulting  in  an  increase  from  0.2  x  10-6molcm-2  s-1  to 
2.09  x  10-6  mol  cm-2  s-1  of  the  water  flow  rate  at  the  cathode  inlet 
(Eq.  (1 ))  whereas  the  other  parameters  are  kept  constant.  As  shown 
in  Fig.  9,  the  vapor  flow  rate  N{ has  a  strong  effect  on  the  amount 
of  water  collected  at  the  anode  side:  the  water  transport  coeffi¬ 
cient  a  increases  almost  linearly  from  10%  to  55%  with  the  relative 
humidity  of  air. 

Water  is  transported  through  the  membrane  mainly  by  diffu¬ 
sion  and  electro-osmosis.  Since  the  sensitivity  study  described  in 
this  section  was  carried  out  at  constant  current  density,  the  electro- 
osmotic  flow  can  be  assumed  constant  (although  strictly  speaking  it 
may  depend  also  on  the  membrane  water  content  [  9  ] ),  which  means 
that  only  the  diffusion  flux  varies  with  the  air  inlet  relative  humid¬ 
ity.  As  it  rises  from  10%  to  100%  while  the  hydrogen  remains  dry,  the 
water  gradient  through  the  membrane  increases  (at  least  at  the  cell 
inlet),  as  well  as  the  diffusion  flux  from  the  cathode  to  the  anode. 
This  trend  was  already  observed  by  several  authors  [25,30-33,35]. 

The  ratio  of  liquid  water  reaches  40%  of  the  total  amount  col¬ 
lected  at  the  cathode  outlet.  On  the  other  hand,  when  the  cathode 
is  fed  by  almost  dry  air  ( RHC  <  10%),  the  saturation  is  not  reached  at 
the  outlet. 


4.2.4.  Temperature 

Fig.  9  shows  the  dependence  of  the  water  transport  coefficient 
on  the  fuel  cell  temperature.  The  inlet  temperature  of  the  gases 
is  equal  to  that  of  the  fuel  cell:  it  varies  from  50  to  80  °C,  which 
corresponds  to  a  vapor  flow  rate  at  the  cathode  inlet  ranging  from 
0.56  x  10-6  mol  cm-2  s-1  to  2.57  x  10-6  mol  cm-2  s-1 . 

Below  70  °C,  the  water  transport  coefficient  increases  signifi¬ 
cantly  with  the  temperature.  This  trend  was  also  reported  by  Biichi 
and  Srinivasan  [22]  with  a  fuel  cell  fed  by  dry  hydrogen  and  dry  air. 
The  maximal  value  of  a  (45%)  is  observed  at  T=  70  °C.  Above  this 
value,  a  decreases  lightly,  from  45%  to  40%.  Two  phenomena  can  be 
at  the  origin  of  this  behaviour: 


•  The  vapor  saturation  pressure  increases  with  the  temperature,  as 
well  as  the  amount  of  water  that  can  be  removed  in  vapor  phase 
at  the  both  electrodes,  as  shown  in  Table  4.  Since  the  airflow  at 
the  cathode  exit  is  higher  than  the  residual  hydrogen  flow  at  the 
anode,  the  water  transport  coefficient  is  expected  to  decrease  as 
the  temperature  rises,  which  is  observed  only  above  70  °C. 

•  The  effective  water  diffusion  coefficient  in  the  membrane  D^0 
increases  also  with  the  temperature.  According  to  Fuller  and  New¬ 
man  [51  ],  it  can  be  expressed  as  follows: 

Dff2oM  =  3.5xlO-6^exp(-^)  (8) 


The  water  flux  through  the  membrane  can  be  calculated  as  fol¬ 
lows: 


N 


Diff 

H20 


=  -D\ 


H,0 


dcn2o 

dx 


(9) 


Integrating  this  equation  over  the  membrane  thickness  and 
expressing  the  result  as  a  function  of  its  water  content  at  the  cath- 


Table  4 

Amounts  of  water  needed  to  saturate  the  gas  flows  at  the  anode  and  the  cathode 
outlet  as  functions  of  the  temperature.  Fuel  cell  fed  by  dry  hydrogen  and  air  at  70% 
RH.  A. Air  =  2 ;  Ah2  =1.4  and  P  =  1.6  bar. 


T(°C) 

50 

60 

65 

70 

75 

80 

Anode  10-6  (mol  cm-2  s_1 ) 

0.066 

0.11 

0.15 

0.19 

0.25 

0.33 

Cathode  10-6  (mol  cm-2  s_1) 

0.18 

0.32 

0.43 

0.59 

0.81 

1.14 

Table  5 

Water  diffusion  flux  through  the  membrane  as  a  function  of  the  temperature  accord- 


ing  to  Eq.  (10).  Xa  =  10;  Ac 

=  11  and  Em 

o 

X 

o 

ii 

6  m. 

T  (°C) 

50 

60 

65 

70 

75 

80 

NjJj^lO-6  (mol  cm-2  s-1 ) 

6.4 

8 

8.9 

9.9 

11 

12.1 

ode,  Ac,  and  at  the  anode,  Aa  yields: 


ivrDiff  _  _ 
iVH2Q  - 


3.5  x  10“ 
14 


exp 


Airy  A2  —  A2 
EW  2  Em 


(10) 


The  values  of  the  water  flux  calculated  for  Ac  =  11  and  Aa  =  10  and 
presented  in  Table  5  show  that  the  amount  of  water  transported  by 
diffusion  through  the  membrane  is  a  strong  function  of  the  temper¬ 
ature,  which  can  explain  the  increase  in  a  below  70  °C.  However, 
these  results  are  only  indicative  since  the  membrane  water  con¬ 
tent  is  probably  not  homogeneous  over  the  whole  surface  of  the 
electrodes. 


4.2.5.  Conclusion  on  the  significance  of  the  water  flow  rate  at  the 
cathode  inlet 

From  the  results  presented  on  Fig.  9,  it  can  be  also  concluded 
that,  at  a  current  density  of  0.4  A  cm-2,  the  temperature  and  the 
air  inlet  relative  humidity  are  the  two  main  parameters  affecting 
significantly  the  water  transport  coefficient  a. 

4.3.  Air  relative  humidity 

In  the  previous  section,  the  sensitivity  study  on  air  relative 
humidity  was  carried  out  at  constant  current  density  and  it  is 
necessary  to  check  whether  this  conclusion  applies  to  variable 
load. 

According  to  Eq.  (1),  and  keeping  the  stoichiometric  ratio  con¬ 
stant,  each  value  of  the  vapor  flow  rate  at  the  cathode  inlet 
defines  a  relation  between  the  current  density  j  and  the  air  relative 
humidity  RHC.  For  example,  =  1 .32  x  10“6  mol  cm-2  s-1  cor¬ 
responds  to  {j  =  0.5  A  cm-2  with  RHC  =  50%}  and  to  {j  =  0.25  A  cm-2 
with  RHC  =  90%}.  Fig.  10  presents  curves  of  the  water  transfer  coeffi¬ 
cient  vs.  the  water  flow  rate  at  the  cathode  inlet  obtained  by  varying 
the  current  density  and  by  keeping  the  air  inlet  relative  humidity 
constant  ( RHC  =  50%,  70%  and  90%).  The  values  measured  at  con- 


x  10'6 


Fig.  10.  a  as  a  function  of  the  vapor  flow  rate  at  cathode  inlet  and  effect  of  the 

air  inlet  relative  humidity  RHC.  Fuel  cell  fed  by  dry  hydrogen,  AAir  =  2;  T=  70 °C  and 
P=  1.6  bar. 
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Fig.  11.  Variations  in  a  as  a  function  of  the  vapor  flow  rate  at  the  cathode  inlet  Njj“g 
and  effect  of  the  temperature.  Fuel  cell  fed  by  dry  hydrogen,  Ah2  =  1.4;  RHC  =  70%; 
A.Air  =  2  and  P=  1.6  bar. 


stant  current  density  (j  =  0.4  A  cm-2)  by  increasing  the  air  relative 
humidity  presented  in  Fig.  9  are  included  for  comparison. 

As  observed  in  Fig.  10,  the  water  transport  coefficient  increases 
with  the  current  density  whatever  the  air  inlet  relative  humidity. 
Moreover,  it  can  be  noticed  that  the  curves  obtained  for  the  three 
values  of  the  air  relative  humidity  are  very  close  to  each  other  and 
are  similar  to  the  results  obtained  at  constant  density:  this  means 
that  the  parameter  that  governs  the  flux  of  water  from  anode  to 
cathode  is  the  cathode  humidification  water  flow  rate,  rather  than 
the  current  density  or  the  air  inlet  relative  humidity. 

As  j  rises,  the  air  inlet  relative  humidity  decreases  if  is 
kept  constant,  but  the  amount  of  water  necessary  to  saturate  the 
gases  at  the  anode  and  at  the  cathode  increases,  as  well  as  the  pro¬ 
duction  of  water  at  the  cathode.  There  is  a  competition  between 
the  water  diffusion  through  the  membrane  and  the  water  removal 
through  the  air  channels,  which  does  not  seem  to  depend  on  other 
operating  parameter  than  the  vapor  flow  rate  at  the  cathode  inlet 


4.4.  Cell  temperature 

As  shown  in  Section  4.2,  at  constant  current  density,  the  temper¬ 
ature  is  one  of  the  parameters  influencing  the  flux  of  water  from 
anode  to  cathode,  although  less  significant  than  the  air  relative 
humidity.  Fig.  11  presents  curves  of  the  water  transfer  coefficient 
vs.  the  water  flow  rate  at  the  cathode  inlet  obtained  by  varying  the 
current  density  and  by  keeping  the  temperature  constant  (T  =  60  °C, 
70  °C,  75  °C  and  80  °C):  for  each  temperature,  the  water  transport 
coefficient  increases  with  the  current  density  but  the  four  curves 
are  clearly  different. 

Keeping  the  vapor  flow  rate  at  the  cathode  inlet  constant, 
the  water  transport  coefficient  a  decreases  as  the  tempera¬ 
ture  increases:  =  1.55  x  10-6  mol  cm-2  s-1  corresponds  for 

instance  to  a  =  45%  at  70  °C  and  to  a  =  20%  at  80  °C.  These  two  results 
correspond  also  to  different  current  densities  (j  =  0.4  A  cm-2  at  70  °C 
and  j  =  0.25  A  cm-2  at  80  °C)  but  as  discussed  in  Section  4.3,  for  given 
water  flow  rate  at  the  cathode  inlet  N{J^,  a  does  not  depend  on  the 
current  density.  The  effects  of  the  temperature  on  the  water  trans¬ 
fer  coefficient  observed  in  Fig.  11  are  identical  to  those  discussed  in 
Section  4.2. 


5.  Conclusion 

The  operation  of  a  PEM  5-cells  pilot  stack  fed  by  dry  hydrogen 
was  investigated  from  the  point  of  view  of  water  transfer,  its  elec¬ 
trical  performances  having  already  been  discussed  in  a  previous 
paper  [21].  The  water  transport  coefficient  was  measured  over  a 
wide  range  of  operating  conditions. 

Contrary  to  the  electrical  performances,  the  water  transport 
coefficient  is  insensitive  to  aging,  which  allows  the  comparison 
between  data  measured  at  different  period  of  the  fuel  cell  lifetime. 
The  results  reveal  that  20-60%  of  water  produced  at  the  cath¬ 
ode  flows  through  the  membrane  to  the  anode.  Surprisingly,  this 
percentage  increases  with  the  current  density  and  then  stabilizes 
at  the  highest  values  (0.5  <j  <  0.7  A  cm-2).  This  indicates  that  the 
diffusion  through  the  membrane  is  the  dominant  process  for  the 
water  transport  and  distribution  within  the  cell,  while  the  effects  of 
electro-osmosis  are  not  observed  directly.  The  whole  of  the  results 
are  in  good  agreement  with  values  and  trends  reported  in  the  liter¬ 
ature. 

The  water  transport  coefficient  depends  on  the  current  density, 
flow  rate  and  humidification  of  the  gases.  Increasing  the  hydrogen 
stoichiometry  ratio  entails  an  increase  in  the  water  transport  coeffi¬ 
cient.  Flowever,  in  the  tested  range  of  current  density  and  hydrogen 
stoichiometry,  the  parameter  governing  water  transfer  within  the 
cell  seems  to  be  the  hydrogen  flow  rate  rather  than  the  current 
density.  The  results  are  more  difficult  to  interpret  at  the  cathode. 
At  constant  values  of  temperature  and  current  density,  the  relative 
humidity  of  air  appears  to  be  the  main  parameter  governing  the 
water  transport  coefficient.  On  the  other  hand,  if  the  temperature 
only  is  kept  constant,  the  water  transport  coefficient  depends  on  the 
vapor  flow  rate  at  the  cathode  inlet.  As  far  as  the  temperature  is  con¬ 
cerned,  increasing  its  value  improves  the  water  diffusion  coefficient 
through  the  membrane  (which  tends  to  increase  the  water  trans¬ 
port  coefficient)  but  it  enhances  also  the  vapor  removal  capacity  of 
the  airflow  (through  an  increase  in  the  vapor  saturation  pressure). 
The  first  effect  dominates  below  70  °C,  then  the  water  transport 
coefficient  decreases. 

In  most  of  the  cases,  liquid  water  is  present  at  the  cathode  out¬ 
let  and  also  at  the  anode  outlet.  Visualizing  liquid  water  in-situ 
during  fuel  cell  operation  and  understanding  fully  the  water  trans¬ 
port  mechanisms  are  the  two  important  issues  for  improving  the 
performances  and  the  reliability  of  PEMFC. 
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